A dverse drug reactions (ADRs) are a significant concern, with considerable attendant morbidity and mortality.
Because human physiology shares many of the same features of other systems that have benefited from such analysis, the patterns of reaction to drug therapy were examined. Response to pharmacotherapy was chosen because it is the closest approximation of the sort of systematic perturbation of a complex system that we have in regular medical practice. As the methods of identifying patterns associated with these systems work best with larger numbers of data points, 2 large reports detailing the incidence and severity of ADR were examined.
Two hypotheses were tested. The first was that the severity of ADR follows a mathematical distribution seen in other complex adaptive systems, called a power law distribution (so named because the equation that describes these processes shows the dependant variable to change as a function of the independent variable raised to a fixed power, such as y = x 2 )
. 7 The second hypothesis tested was that those reactions that are preventable (such as ordering the wrong medication or giving the wrong dose) occurred in a pattern that 
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was fundamentally different from those that accounted for the nonpreventable reactions, as those preventable reactions were not the result of an emergent process of a complex adaptive system.
METHODS
To test the first hypothesis that ADRs were described by a power law equation, the meta-analysis by Lazarou et al 8 was analyzed, in which prospective studies of ADR from 1966 to 1996 were examined. Only those studies of ADRs that occurred among patients already in the hospital were used, to afford a clear idea of how many patients had a normal reaction to the drug. To allow greater discrimination between the different categories of reaction, only data from those studies that classified reaction severity as no ADR, nonserious, serious, and fatal reaction were used for the analyses performed in this article. Eight reports met these criteria and were included for analysis.
The data presented in the Lazarou et al 8 paper were given in terms of percentages. To obtain the incidence of each type of reaction, these percentages were multiplied by the study size to generate the incidence of each type of reaction in each of the reports studied. Once incidences were obtained, they were summed for each category to give the overall incidences of each type of reaction in these 8 studies.
Summed data from the 8 papers presented in Lazarou et al 8 were plotted on a log-log graph. Log incidence was plotted on the y-axis as a function of log severity, which increases along the x-axis. A log-log graph was used to allow easier identification of power law distribution of data (which appear as straight lines on such a graph). A best-fit trend line was generated for the data set by selecting the type of equation that best described the data and solving for its parameters by minimizing the sum of squares between the observed data and those predicted by the equation, and an R 2 value was calculated. This equation was then used to compare the observed data with those predicted by the derived equation, and a Pearson's correlation coefficient was calculated.
Data from each of the studies cited by Lazarou et al 8 were then plotted individually in a similar manner and fit to power law equations as described above. [9] [10] [11] [12] [13] [14] [15] [16] These were plotted together on the same graph to allow comparison between the characteristics of each study and the summed data.
To compare the characteristics of this process in inpatients and outpatients, the data presented by Gurwitz et al, 17 which prospectively analyzed a cohort of elderly outpatients for ADR, were examined. Here, the categories of severity used were no reaction, significant, serious, life threatening, and fatal. Otherwise, these data were plotted and fit to equations as above.
To test the second hypothesis that those ADRs that are preventable are fundamentally different from those that are not, the Gurwitz et al 17 paper was again analyzed. Data in this report were subclassified as to whether or not they were preventable. Incidences of preventable and nonpreventable reactions were plotted on a log-log axis as above and were also fit to equations in the same manner.
RESULTS

Reaction Severity Follows a Power Law Distribution
Summed data (n = 19 682) from the 8 papers presented in Lazarou et al 8 meeting criteria for this study report were plotted ( Figure 1a ). A power law equation was fit to these data, and the slope derived was equal to -4.02. The equation fit the observed data with an R 2 value of 0.95 and a Pearson's correlation coefficient of 0.995 (P < .01).
This Power Law Distribution Persists Regardless of the Sample Size or Nature of the Population Studied
Data from each of the studies cited by Lazarou et al 8 were plotted individually, fit to power law equations as described above, and plotted together on the same graph to allow comparison between the characteristics of each of the studies and the summed data ( Figure 1b and Table I ). The sample sizes used ranged from 379 to 11 526 and included both pediatric and adult patients from a variety of inpatient clinical settings. All data sets fit well with a power law equation. The R 2 values ranged from 0.85 to 0.9999, with a mean of 0.95 and a standard deviation of 0.050. Pearson's correlation coefficients of observed data to those predicted by the equations ranged from 0.982 to 1, with a mean value of 0.997, a standard deviation of 0.006, and P values of <.001 to .034. As can be seen graphically, the slopes obtained from these equations were all very similar, with a mean of -4.03 and a standard deviation of 0.36.
This Power Law Distribution Persists for Outpatients and Inpatients
The outpatient data from the Gurwitz et al 17 paper were plotted as above (Figure 2a) . Axes are the same as those used for the Lazarou et al 8 data and those of the reports that contributed to it, with the exception that there were 5 categories of reaction in this analysis as compared with 4 in the former. The equation for the total reaction rate also fit well to a power law equation (R 2 = 0.95, Pearson's correlation coefficient of 1, P < .001) and gave a slope of -4.04, essentially identical to the slope of the summed reactions in Lazarou et al (which was -4.02).
Preventable Adverse Drug Reactions Do Not Follow a Power Law Distribution
A difference was noted when comparing the preventable with the nonpreventable reactions. The data on those reactions thought to be nonpreventable fit a power law equation well (R 2 = 0.90, Pearson's correlation coefficient of 0.977, P = .023) but with a greater negative slope of -5.04. The fit of the preventable data to a power law equation was poor (R 2 = 0.68, Pearson's correlation = 0.64, P = .36), showing that preventable reactions do not follow a power law distribution. These data were then plotted on a nonlogarithmic graph and were found to fit well to a linear model, with an R 2 = 0.93, Pearson's correlation of 0.963, and P = .034 (Figure 2b) .
DISCUSSION
In physics, criticality is defined as a point at which the behavior of the system changes radically. This position has also been called "the edge of chaos." 18 A good example of this is a phase transition between solid and liquid, where a small change in the system (in this example, the addition of heat) radically alters the state and behavior of the system: add a little heat to ice at 32°F and it changes to water; add the same amount of The slopes of each curve from the individual data plotted in Figure 1 were essentially identical. The fit of the power law model to the data presented in Lazarou et al's paper 8 was excellent across studies, with a mean Pearson's correlation of 0.995 (P < .005). 
(a) The sum of all reactions to medication categorized as follows. The incidence of a given reaction to medication is plotted as a function of its severity on a log-log axis (1 = no reaction, 2 = nonserious reaction, 3 = serious reaction, and 4 = fatal reaction). A trend line fit to these data is shown, along with its equation and fit. (b) The incidence of drug reaction was scale invariant and followed a similar power law distribution, regardless of sample size or the nature of the population studied. Summed data from the meta-analysis (bold) are plotted with the data from the individual studies (dashed).
a b heat to water at 33°F and all you get is water that is a little bit warmer. This location at the edge of chaos affords the system many advantages. Those systems that are too ordered will function well within a fairly limited range of environmental states or stimuli, but perturbations outside of this narrow confine will push the system beyond its adaptive ability to maintain homeostasis, and the system will fail. At the other extreme are those systems that are too chaotic to maintain the sort of dynamic nonequilibrium that is characteristic of living systems. Order provides memory, fluidity provides the ability to adapt to new situations, and adaptation to the edge of chaos allows the system as much flexibility as possible for handling new situations while still being able to pay the bills and maintain homeostasis.
The suspicion in conducting the research for this study was that we might have a similar sort of selforganized criticality that would be evidenced by examining the way in which people respond to the perturbation of taking a medication. Systems at the edge of criticality are identified by a power law distribution of their behavior when the incidence of the reaction to the perturbation in question is plotted as a function of its severity. 7 This was the rationale for the investigations presented here. By showing that response to medication follows a power law distribution similar to other systems, it was hoped that this would provide some evidence to support the idea of self-organized criticality in pharmacotherapy and, in doing so, provide some explanation (albeit theoretical) for some of the variability we see in response to drugs.
The results presented here show that human responses to medication, ranging from salubrious to fatal, follow such a power law distribution, and therefore suggest that we have adapted to the edge of chaos in terms of our response to medications. There also appears to be some similarity in the distribution of these reactions, as all the data that included preventable and nonpreventable ADRs had very similar slopes, despite tremendous heterogeneity in the patient populations and the drugs used in them. This suggests that there is some common process at work in all the studied subjects.
This extrapolation of a linear relationship between categorical data (the rank of reaction severity) and continuous data (the incidence of reactions of that severity) may give the critical reader pause, but this approach has been successfully employed by many diverse disciplines. One of the best known of these is Zipf's law. George Zipf was a linguist who made the observation that for a given work of literature (in his initial report, he used James Joyce's Ulysses), the incidence of a given word was inversely proportional to its ranked frequency. 20 When the words' incidences are plotted as a function of their ranked frequency on loglog axes, the familiar straight line of the power law ap- So what does all this have to do with avalanches? The distribution of avalanches produced by a sand pile is a prime model of self-organized criticality. 19 In an experiment not too dissimilar to those we all performed as children, a pile of sand is allowed to form by dropping sand from a location centered above a table at a fixed rate. Over time, the pile will begin to increase in size until it arrives at a critical slope. The sand pile arrives at this critical slope independently, and the resultant criticality is therefore referred to as self-organized. At this point, addition of further sand to the system will cause avalanches to form. These avalanches vary in size and frequency, with a lot of smaller ones and a few very large ones. When the incidence of each avalanche is plotted as a function of its size on a log-log graph, a straight line emerges, and it becomes apparent that they are described by a power law equation as well, just as we have seen for total and nonpreventable ADRs. Both systems, human and sand pile, show evidence of adaptation to the edge of chaos.
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Another interesting feature of these observations on the response to medication, and one that further supports the idea that they are evidence of some degree of self-organized criticality, is that they exhibit scale invariance. Scale invariance (also known as selfsimilarity) refers to the idea that the systems will appear similar at different scales: use a bigger table for the sand pile, and there will be some bigger avalanches, but there will still be a lot more small ones, and the slope of the pile and the distribution of the avalanches will be the same as for a smaller table. 7 The sample sizes analyzed here ranged from 379 to 27 617, almost 2 orders of magnitude, but the distribution of response within each population and in the summed populations remained nearly identical, as evidenced by the very similar slopes of the equation's fit to each study's data. This scale invariance, in addition to the power law distribution of the reaction types, also supports the role of self-organized criticality in human response to medication.
A significant and interesting exception to this selforganized criticality is seen in the data provided by Gurwitz et al 17 on medication reactions that were preventable. As seen in Figure 2b , those ADRs classified as preventable followed a linear model, not a power law one. This difference in distribution supports the idea that preventable medication errors are fundamentally different from those that are not.
This observation also suggests that preventable ADRs are just that: they can be prevented. The slope of a linear equation will eventually intercept the x-axis, meaning that the incidence of a given reaction will be zero. In contrast, those processes that are described by a power law never reach zero. They will approach it, but they always retain a nonzero value. Because ADRsspecifically, nonpreventable ADRs-seem to be described by such a law, this observation suggests that they ultimately cannot be prevented. They can probably be made less frequent, but their inevitability in some portion of our population taking medications will always remain. This susceptibility is a direct consequence of our adaptation to the edge of chaos.
But these observations are not all so pessimistic. Look at the data presented in Figure 2a and compare the slopes for the total reactions and those that were nonpreventable. By removing the preventable errors, the line describing the reactions becomes steeper and, in doing so, increases the percentage of milder reactions relative to the more severe ones. In the overall data presented by Gurwitz et al, 17 there was 1 fatal reaction for every 86 significant ones (the mildest category defined). In the nonpreventable group, there was 1 fatal reaction for every 128 significant ones, whereas in the preventable group, the ratio was 1 to 35. This supports the benefits to be gained by the ongoing efforts of physicians and institutions to decrease ADRs, as these preventable reactions seem to be disproportionately more severe than those that are not preventable.
This article has several potential limitations. One of the greatest of these is the nature of the data from which it draws. Although Lazarou et al 8 have done a rigorous job of conducting their meta-analysis, there are still inherent problems in such a report. Some problems are introduced by having many investigators defining and classifying ADRs in very heterogeneous populations. The small number and subjective nature of the classifications of ADR used, employing such vague terms as mild or serious, introduces an element of imprecision and variability into both the definition of the ADRs and the assessment of their severity. Efforts to more precisely and quantitatively categorize ADR would be beneficial both to patient care and to future studies in this area.
Another factor that certainly figures into the observed pattern of ADR, and one that was not addressed in this study, is the regulatory process through which new drugs are introduced into and approved for human use. The progress of a drug through this process is largely informed by the characteristics of the biologic systems that it encounters during its evaluation. Thus, the regulatory process imposes certain restrictions on the frequencies and degrees of reaction seen in the drugs that reach the market and therefore may, to some degree, be a factor in the observed patterns of ADR. However, the magnitude of this factor relative to the effect of the characteristics of our adaptation is unclear and remains to be answered by future studies.
Many of the ideas suggested in this article are also largely speculative. Although the data presented here demonstrate the power law distribution of drug reactions and their scale invariance, they can only suggest that they are the result of self-organized criticality and cannot robustly prove it. Still, these sorts of observations gained from the perturbation of systems are the best and only methods we have at this time to identify those with self-organized criticality.
CONCLUSION
This article provides some explanation for the distribution of response to pharmacotherapy. This model, if correct, suggests a mechanism that explains the existence of ADRs. In doing so, it also explains the observation of many investigators and clinicians that milder drug reactions are more frequent than fatal ones. Last, it predicts that ADRs are an inevitable outcome in some percentage of the population who takes medications, while supporting ongoing efforts to reduce their frequency. More broadly, this model gives a glimpse into the nature of the organization that keeps us alive and gives us the ability to adapt to a wide array of new situations.
